ABSTRACT Objective: The purpose of this study was to analyze the stress distribution and displacement patterns within the craniofacial structures following application of transverse and anteriorly directed forces by means of rapid maxillary expansion and reverse pull headgear, respectively, using a finite element method in a patient with bilateral cleft. Materials and Method: A finite element model was used to determine stress distribution and displacement of various craniofacial structures following application of transverse and anteriorly directed forces. Results: Maximum forward displacement was 8.07 mm at the node corresponding to the incisal edge of the upper central incisor followed by 7.95 mm at the prosthion. Maximum positive displacement lateral displacement was 3.24 mm at the node representing the premolars. The lateral and medial pterygoid plates showed maximum superior movement of about 0.95 mm and 0.79 mm, respectively. In the dentoalveolar region, the stresses were highest in the apical region of the canine. In the maxilla, point A and ANS demonstrated higher stress values compared with previous studies; both inferior and superior surfaces demonstrated high stresses in the range of 10.11 to 10.20 kg/mm 2 . Conclusion: Although expansion can be achieved in adolescents, displacements are noted more in the structures located anteriorly and along the midline while the posterior and lateral structures demonstrate minimal displacement but high stresses. Rapid maxillary expansion must be used judiciously in adolescents because of its far-reaching effects involving heavy stresses noted at the sphenoid bone, zygomatic bone, nasal bone, and their adjacent sutures. (Turkish J Orthod. 2015;27:148-157) 
INTRODUCTION
Oral clefts are the most common form of congenital defects. The reported incidence of cleft palate (CP) is 1.15 per thousand and that of isolated cleft palate is 0.08 per thousand. 1 According to estimates, roughly 30,000 children are born with cleft lip CL/CP anomalies every year, 2 which brings a set of complex problems that have functional, esthetic, psychological, and psychosocial implications.
There are no simple solutions for approaching the myriad problems associated with the CL/CP patient. Through a team of experts, the required care and counseling can be provided to the child and parent.
As the advancement in providing basic care has increased, the quality of life of these patients has also increased. Improvement in esthetics can provide patients with CL/CP high self-esteem. Often, the scars left from surgery and poor speech persist throughout life. The resultant scar leads to retarda- tion of growth of the maxilla 3-dimensionally, leading to class III malocclusion due to hypoplastic maxilla and a relatively normal mandible. Such types of malocclusion require early intervention by means of growth modulation appliance during the prepubertal and/or pubertal growth spurt stages to correct the hypoplastic maxilla, thereby correcting the class III profile. 3 Studies have confirmed that the maxilla can be repositioned anteriorly by dissociation of circummaxillary sutures using protraction forces. 4, 5 One of the modalities of correcting the hypoplastic maxilla 3-dimensionally is by the use of rapid maxillary expander (HYRAX) and reverse pull headgear simultaneously in the transverse and sagittal planes, respectively. [6] [7] [8] [9] [10] In the past decade, the application of a wellproven predictive technique originally used in structural analysis, the finite element method (FEM), has revolutionized dental biomechanical research. [11] [12] [13] [14] [15] [16] The FEM is a numerical method of analysis that provides the orthodontist with the quantitative data that can extend the understanding of the physiologic reactions that occur and thus allows the study of stress distribution in biological systems. [17] [18] [19] [20] [21] [22] [23] This method offers an accurate model of the tooth and its surrounding structures with its complicated geometry. It makes it possible to apply various forces analytically at any point and in any direction and also to assess quantitatively and qualitatively the distribution of such forces.
Thus, FEM arms us with a valuable and potent tool for investigating the effect of external forces on the morphology of various craniofacial structures.
The purpose of the current study was to analyze the stress distribution and displacement patterns within the craniofacial structures following application transverse and anteriorly directed forces by means of rapid maxillary expansion (RME) and reverse pull headgear, respectively, using the FEM in a bilateral cleft patient.
MATERIALS AND METHOD
In this study, an FEM was used to determine stress distribution and displacement of various craniofacial structures following application of transverse and anteriorly directed forces in an operated bilateral facial cleft patient.
The The transverse forces used in the simulation model were forces typically seen in RME with HYRAX. The nodes of the midpalatal suture were left constrained. This helped with the study of stress distribution in the surrounding craniofacial structures following RME. A force of 500 g per side was applied in the direction of the midpalatal suture. Anteriorly directed forces of 400 g per side at an angle of 308 downward in relation to the occlusal plane were applied to simulate the action of a reverse pull headgear. 
Displacement in the Anteroposterior Plane (XDisplacement)
The maximum X-displacement (forward displacement) was 8.07 mm at the node corresponding to the incisal edge of the upper central incisor followed by 7.95 mm at the prosthion. Displacements were noted more frequently in the dentoalveolar region compared with the skeletal structures. All of the dentoalveolar structures, maxillary structures, and structures of the nasal cavity wall demonstrated forward displacement to a varying extent. Preceding changes were evident only when 6 mm of prosthion advancement occurred (Figs. 6 through 9).
Displacement in the Transverse Plane (Y-Displacement)
The maximum positive (Y) displacement (lateral displacement) was 3.24 mm at the node representing the premolar, followed by canine, molar, and incisor teeth on both sides. Therefore, posterior expansion was greater compared with anterior expansion. From the frontal view, pyramidal displacement of the maxilla away from the midline was evident. At complete separation of the expansion device, displacement of cranial bones was evident, and the width of the nasal cavity at the floor of the nose increased markedly, whereas the superior aspect of the same showed lesser lateral displacement. No significant displacement was observed at the zygomatic and frontal bone, except at the zygomatic process of the frontal bone, which moved laterally. Lateral and medial pterygoid plates showed a marked tendency for lateral displacement. Minimum displacement was observed in the region close to the cranial base, which may be attributed to rigid plates (Figs. 6 through 9).
Displacement in the Vertical Plane (Z-Displacement)
The lateral and medial pterygoid plates showed maximum superior movement (þZ-displacement) of about 0.95 mm and 0.79 mm, respectively. Maximum downward displacement (ÀZ-displacement) was 1.92 mm at the node representing the canine followed by incisors, molars, and premolars. Also, point A, prosthion, and ANS showed an anterior movement, suggesting that the nasomaxillary complex rotated in such a manner that the lateral structures moved upward and the midline structures moved downward (Figs. 6 through 9 ).
Comparison of Maximum Von Mises Stresses on Various Structures of the Craniofacial Complex
With Varying Amount of Expansion and Anterior Protraction (Table 4) Stress images of the 3-dimensional model of the skull are shown. The areas of stress are shown with the help of different colors. The pellets of colors representing the tensile and compressive stresses are shown on right side of the diagram. In the dentoalveolar region, the stresses were highest in the apical region of the canine followed by that of The zygomatic bone and sphenoid bone showed a high level of stress, especially in the maxillary process of the zygomatic bone, whereas the frontal bone showed minimal values of stress (Figs. 10 through 14) .
DISCUSSION
Finite element analysis is a mathematical method in which the shape of complex geometric objects and their physical properties are computer constructed. Interactions of various components of the model are then calculated for stress, strain, and deformation. This was first used in orthodontics by Thresher and Saito 18 to study stresses in human teeth. Ever since, this method has proved effective in simulation of tooth movement and optimization of orthodontic mechanics. Extensive use has been primarily done because the method is noninvasive; the actual amount of stress experienced at any given point can be theoretically measured; the structures of the craniofacial complex can be visualized graphically; the point of application, magnitude, and direction of force may easily be varied to simulate clinical situations; reproducibility does not affect the physical properties of the involved material; and the study can be repeated as many times as the operator wishes. The 3-dimensional FEM used in the present study provided the freedom to simulate orthodontic force systems applied clinically and allowed analysis of response of the craniofacial skeleton to the orthodontic loads in 3-dimensional space.
The pattern of displacement revealed that the greatest widening was observed in the dentoalveolar structures, with the expansion effect gradually decreasing toward the superior skeletal structures. The results of the present study support those of previous studies. 24, 25 In the sagittal (Y) plane, the structures along the midline showed an anterior displacement, while lateral structures demonstrated a posterior displacement. In the vertical (Z) plane, the entire maxillary complex descended downward more or less in a parallel manner while the lateral structures demonstrated an upward displacement.
A composite skull model was used for FEM analysis. In response to RME, an asymmetric expansion pattern was noted for the 2 halves of the maxilla. This asymmetric and unpredictable movement of the 2 halves was also observed for other maxillary articulations, such as the zygomatic and sphenoid bones. The expansion was simulated in a patient model with bilateral cleft deformity of palate and alveolus. The typical wedge-shaped opening in the anteroposterior plane seen in noncleft patients 24, 25 as a result of RME was not seen in the present study. It was observed that the expansion in the canine region was greatest as compared with the posterior region, unlike in previous studies. 22, 23 This could be related to the presence of cleft of the secondary palate. Also, the expansion on the cleft patient occurs in the osseous defects between the premaxilla and the maxilla or at the incisive suture region, rather than at the intemaxillary suture, as occurs in normal patients.
The nasomaxillary complex and teeth were displaced. Thus, expansion therapy in CL/CP along with maxillary protraction helps to reduce deformity. The lateral displacement of the borders of the piriform aperture clearly demonstrated an increase in nasal cavity width.
The present study revealed maximum lateral displacement in the canine region, which was in contrast to the study done by Gautam and coworkers, 22 in which the maximum lateral displacement for maxillary teeth was observed at the second molar followed by first molar, second premolar, canine, and lateral incisor. The probable reason may be the simultaneous force application in the anteroposterior and transverse plane, unlike the previously mentioned study, in which forces were applied in the transverse plane only.
Maximum inferior movement was noted in the canine and premolar region followed by the molars and was minimum in the incisors, which was in contrast to a previous study 19 in which incisor extrusion was greatest compared with that of the second molar. In all probability, this was due to the 308 downward angulation of the force vector, and the point-of-force application was at the canine fossa region in the anteroposterior plane.
An anterolateral movement of zygomatic bone was observed in contrast to a previous study, 20 in which zygomatic bone showed posteromedial movement. This change in the direction of movement of zygomatic bone was because a face mask was used in conjunction with RME in the current study vs a headgear used for maxillary growth restriction in the previous study. The investigators noted frontal bone movement in an anterolateral and superior direction, in contrast to the study by Baldawa and Bhad, 23 in which frontal bone did not show any displacement. This could be attributed to higher forces in the anteroposterior and transverse planes.
It was observed that all the structures of the maxilla had a lateral displacement with RME and face mask therapy, which is in agreement with findings of existing scientific evidence. 17, 19, 21, 22 The current investigators noted lateral and anterior displacement of medial and lateral pterygoid plates. This contradicted the findings of Gautam et al. 19 However, the findings were in unison with another study conducted by Gautam et al. 22 The opening of the palatal sutures was seen to be more pronounced in the anterior region and decreased progressively toward the posterior region, which was in sync with previous studies. This mainly stemmed from the use of RME for lateral expansion in all the studies.
The increase in nasal cavity width at the floor of the nose was in conjunction with the previous studies. 17, 22 It was observed that the superior region of the nasal cavity moved laterally. The nasal bone moved laterally and anterosuperiorly with face mask therapy, in stark contrast to a previous study. 23 Baldawa and Bhad 23 reported a medial movement of the nasal bone. These notable differences were due to the different modalities of force application.
The area of inferior nasal cavity wall point A and ANS region showed high stress. This region corresponds to subtotal Le Fort I osteotomy. These regions act as source of resistance to expansion. 19, 20 The pterygomaxillary articulation showed areas of high stress. The restriction to lateral bending led to higher Von Mises stress at medial pterygomaxillary articulation. Hence, the previous findings [19] [20] [21] [22] that the connection between the maxilla and the pterygoid plate of the sphenoid bone, regardless of the presence of the midpalate, is one of the sites of major resistance to expansion were partly supported by the present study. In view of this finding, one can argue against the need for lateral pterygomaxillary disjunction during the surgically assisted rapid palatal expansion (SARPE) procedure in clefts involving the secondary palate. Because of the presence of the cleft, the center of rotation in all 3 planes of space was located close to the canine region.
Even though FEM is a powerful research tool, it has its limitations. The success of FEM studies depends on the accuracy of the created models. Accurate modeling, in turn, depends on the accuracy of the input data and its consequent processing. As the FEM model is based on these predetermined values, it fails to take into account factors such as bone elasticity that can differ between individuals and that may alter with age. Computed tomography (CT) scans are used in most cases to create finite element models of biological systems. A CT scan of even 1-mm sections cannot accurately represent periodontal ligament and teeth because of their different physical properties. [26] [27] [28] This further leads to inaccuracies in the finite element model, which might not adequately demonstrate the transfer stresses. Taking these shortcomings into account, other research methodologies may be required for better visualization of changes in these structures.
CONCLUSION
It can thus be concluded from the present study that:
All the structures of the maxilla had lateral displacement with RME and face mask therapy. Greatest widening was observed in the dentoalveolar structures, with the expansion effect gradually decreasing toward the superior skeletal structures. An asymmetric expansion pattern was noted for the 2 halves of the maxilla without the typical wedge-shaped opening in the anteroposterior plane seen in noncleft patients Expansion therapy in CL/CP along with maxillary protraction helps to reduce deformity due to displacement of the nasomaxillary complex and the teeth. The study noted that the maximum lateral and inferior displacement was observed in the canine region. As expected, an increase in nasal cavity width was noted. The pterygomaxillary articulation is a site of major resistance to maxillary expansion, and its need for its disjunction during SARPE is recommended for procedures involving the secondary palate in cleft patients.
